The industrial applications and prospects of microbial peroxidase are on the upwards trend, thus necessitating the search for sources with high turnaround time. Actinobacterial species have been a major source of peroxidase for the obvious reasons of having robust metabolite expression capabilities. However, other bacteria species have been underexplored for peroxidase production, hence the motivation for the investigation into the peroxidase production potential of Raoultella ornithinolytica OKOH-1 (KX640917). The bacteria expressed optimum specific peroxidase activity of 16.48 ± 0.89 U mg −1 , which is higher than those previously reported. The optimal fermentation conditions were pH 5 (3.44 ± 0.64 U mL −1 ), incubation temperature of 35
Introduction
Peroxidases (EC 1.11.1) oxidize various organic and inorganic substrates with hydrogen peroxide as an electron acceptor [1] . Peroxidases are considerably present in plants, animals, and microbes, and they perform different physiological func-tions [2] . The physiological functions mediated by peroxidases include involvement in innate immune system [3] , protection against toxic peroxide [4] , peroxide sensing, protection against oxidative stress, cell wall biosynthesis, and oxidation of poisonous compounds [2, 5, 6] .
Besides physiological functions, other potential biotechnological applications of peroxidases may be seen in the energy, textile, bioremediation, cosmeceutical, and dermatological sectors [1] . Peroxidases have been applied in the development of biosensors [7] and diagnostic kits [8] . They have also been implicated in lignin degradation [9] : a function specific to class II peroxidase-catalase superfamily of hemeperoxidases including lignin peroxidase, manganese peroxidase, and versatile peroxidase. Their potentials for use in the development of skin-lightening agents and removal of endocrine disrupting chemicals in wastewater have also been reported [10, 11] . Biopulping, biobleaching, and oxidation of xenobiotics: phenolic and nonphenolic compounds, and synthetic dyes are inclusive in the numerous potentials attributed to peroxidases [9, 12, 13] .
Given the high-utility potential of peroxidases, largescale production is of utmost importance to the bioeconomy, besides, an effective biocatalytic process requires enhanced enzyme activity and production systems. The production of extracellular peroxidases by some bacteria has been reported [13] [14] [15] [16] [17] [18] [19] . However, most of these reports are on actinomycetes, predominantly Streptomyces species. Hence, the continued exploration of enhanced extracellular peroxidase-producing bacteria is imperative.
The emerging ligninolytic activity of proteobacteria [20, 21] confers desirable characteristics for exploitation in the search for novel peroxidase sources. Consequently, Raoultella ornithinolytica OKOH-1, identified in previous study as a ligninolytic bacteria with an excellent potential for peroxidase production [22] , was optimized in the valorization of agrowaste biomass for peroxidase production.
Materials and Methods

Isolation, screening, and molecular identification
The organism was isolated from sediments of Tyhume River, Alice, South Africa, by an enrichment technique using kraft lignin (Sigma-Aldrich, South Africa) as the sole carbon source [23] . Subsequently, the isolate was carefully chosen on the basis of its ligninolytic potential [22] . The 16S rDNA partial sequence analysis showed that the bacterial strain had 99% similarity to R. ornithinolytica strain G.W-CD.10 [22] . Its nucleotide sequence is available in the GenBank of the National Centre for Biotechnology Information (NCBI) as Raoultella ornithinolytica strain OKOH-1 under the accession number, KX640917.
Peroxidase production and extraction of crude enzyme
Peroxidase was produced using the method of Falade et al. [22] . The organism was cultivated in a kraft lignin modified fermentation medium (KLFM) of the following composition: 4.55 g/L K 2 HPO 4 , 0.53 g/L KH 2 PO 4 , 0.5 g/L MgSO 4 , 5 g/L NH 4 NO 3 , 0.1 g/L yeast extract, and 0.1% w/v kraft lignin. The culture was incubated at 30
• C and 140 rpm for 48 H, a period over which the organism showed peroxidase activity during the initial screening. Then, the cells were harvested by centrifugation at 10,000 g for 10 Min at 4
• C (SIGMA 1-14K, South Africa) whereas the recovered supernatant was, subsequently, used as crude enzyme for the peroxidase activity assay.
Peroxidase activity assay
Peroxidase activity was evaluated by the rate of hydrogen peroxide-dependent oxidation of pyrogallol to purpurogallin using the modified method of Chance and Maehly [24] described by Falade et al. [22] . Briefly, the crude enzyme was added to the reaction mixture containing 5% w/v pyrogallol (substrate) and 0.1 mol L −1 potassium phosphate buffer (pH 6). The enzymatic reaction was initiated by adding 0.5 % H 2 O 2 (30% w/w), and the linear increase in A 420 was monitored for 1 Min 42 Sec on a Synergy Mx microplate reader (BioTek Instruments, Winooski, VT, USA). The reaction mixture devoid of crude enzyme served as the blank. One unit of peroxidase activity was defined as the amount of enzyme required to oxidize one micromole (1 μmol) of substrate in 34 Sec.
Determination of parameters for optimal extracellular peroxidase activity
The parameters for optimal extracellular peroxidase activity were determined as described by Fatokun et al. [25] . Briefly, the various culture parameters were adjusted for optimum peroxidase activity using the conventional method of one factor at a time. Then, the determined optimized conditions were used in subsequent fermentation [25] .
Determination of optimal initial pH
The initial pH for optimal extracellular peroxidase activity was determined by growing R. ornithinolytica OKOH-1 in a KLFM with varying pH (3-11), which was adjusted using 1 M HCl or 1 M NaOH as the case may be. The culture was, subsequently, incubated at the conditions earlier described in Section 2.2.
Determination of optimal incubation temperature
The incubation temperature for optimal extracellular peroxidase activity was determined by growing R. ornithinolytica OKOH-1 for 48 H at varying temperatures: 20-45
• C in a KLFM of pH 5, being the optimal initial pH for peroxidase activity.
Determination of optimal agitation speed
To determine the agitation speed for optimal extracellular peroxidase activity by R. ornithinolytica OKOH-1, the strain was grown for 48 H in a KLFM of initial pH 5 at varying agitation speeds ranging from static condition to 200 rpm at 50 rpm intervals. The culture was incubated at 35
• C, being the optimal temperature for peroxidase activity.
Effect of carbon supplementations on extracellular peroxidase activity
The effect of carbon supplementations on extracellular peroxidase activity was assessed using the method of Musengi et al. [19] with slight modifications. Briefly, R. ornithinolytica OKOH-1 was grown in a KLFM supplemented with 1 mmol L 
Effect of nitrogen supplementations on extracellular peroxidase activity
The effect of nitrogen supplementations on extracellular peroxidase activity was assessed by growing R. ornithinolytica OKOH-1 in a KLFM, where yeast extract was supplemented with different inorganic nitrogen sources (ammonium nitrate, ammonium chloride, and ammonium sulfate) at the optimal temperature (35 • C), initial pH (pH 5), and agitation speed (150 rpm) for peroxidase activity, with guaiacol (1 mmol L −1 ) being used as an inducer.
Time course of peroxidase activity and bacterial growth kinetics
The extracellular peroxidase activity expressed by R. ornithinolytica OKOH-1 over a time course as well as the bacterial growth kinetics was assessed as described by Tuncer et al. [15] with slight modifications. In brief, the proteobacteria strain was grown in a KLFM under optimized conditions for 144 H. Subsequently, the culture was intermittently withdrawn at 24 H interval [15] and assayed for peroxidase and nonperoxide-dependent enzyme activities as well as the total protein concentration. Also, the cell growth was monitored by measuring the optical density (OD) of the culture at 600 nm.
Protein estimation
The total protein was estimated by using the Bradford method [26] . Briefly, 250 μL of Bradford reagent was added to 10 μL of the supernatant in a 96-well microliter plate whereas 10 μL of distilled water was used in place of the sample in the blank. The mixture was subsequently incubated at room temperature for 15 Min. Thereafter, the absorbance was measured at 595 nm using a SynergyMx 96-well microliter plate reader (BioTeK Instruments, Winooski, VT, USA). The protein concentration was extrapolated from the standard curve constructed using bovine serum albumin. The specific enzyme activity was expressed as U/mg protein.
Valorization of agrowastes for optimal extracellular peroxidase activity under solid-state fermentation
Selected agrowastes including sawdust, wheat straw, and corn stover were valorized for peroxidase production under solid-state fermentation (SSF). The sawdust was obtained from a sawmill in Alice metropolis, South Africa, whereas the wheat straw and corn stover were obtained from the agricultural research farm of the University of Fort Hare in Alice, Eastern Cape, South Africa. Thereafter, the agricultural wastes were washed, air-dried, and ground with a laboratory milling machine (Lasec, South Africa). The milled products were, thereafter, sieved into powder form (with size less than 500 μm). The processed agromaterials were, subsequently, used as solid substrates for peroxidase production by R. ornithinolytica OKOH-1 using the modified method of Neifar et al. [27] . Briefly, 5 g of substrate was weighed into 100 mL conical flasks and dampened with 10-20 mL of minimal salt
yeast extract) supplemented with 1 mmol L −1 of guaiacol, with an initial pH of 5, being the optimal initial pH for peroxidase production by the strain under investigation. Then, the preparations in the flasks were autoclaved at 121
• C for 15 Min and thereafter inoculated with 1 mL of the bacterial suspension in normal saline (O.D. 600 nm 1.0). After 72 H incubation (the time for optimal extracellular peroxidase activity by R. ornithinolytica OKOH-1), 20 mL of 100 mmol L −1 potassium phosphate buffer (pH 6) was added to the flasks and stirred for 30 Min for the extraction of crude enzyme. Subsequently, the contents of the flasks were centrifuged at 10,000 g for 10 Min at 4
• C using benchtop cold centrifuge (SIGMA 1-14K, South Africa), and the recovered supernatant was used as crude enzyme for peroxidase assay.
Data analysis
Data were subjected to one-way analysis of variance (ANOVA) using GraphPad Prism 7 followed by Tukey's multiple comparison test. Significance was accepted at P ࣘ 0.05.
Results and Discussion
Initial pH for optimal extracellular peroxidase activity
The initial medium pH for optimal peroxidase activity was determined, and the results are presented in Fig. 1a . The results showed that R. ornithinolytica OKOH-1 produced peroxidase over a wide pH range of 5-11 with the optimum peroxidase activity observed at pH 5 (3.44 ± 0.64 U mL −1 ). However, no peroxidase activity was detected at pH 3 and 4. Although, there exists a significant difference (P < 0.05) in peroxidase activity at pH 5 compared to other pH values, there was no significant difference (P > 0.05) in peroxidase activity at pH 6 (1.52 ± 0.00 U mL −1 ), pH 7 (1.93 ± 0.41 U mL −1 ), pH 8 (1.63 ± 0.00 U mL −1 ), and pH 9 (1.23 ± 0.06 U mL −1 ). The ability of the bacteria to express peroxidase optimally at slightly acidic pH (Fig. 1a) suggests that the strain could tolerate an acidic environment, which also augurs well for its industrial relevance. This finding contradicts most previous related studies, where optimum peroxidase activity was observed at neutral and slightly alkaline pH. One of the studies recorded optimum peroxidase production by Streptomyces avermitilis UAH30 at pH 7 [28] , whereas Musengi et al. [19] reported pH 8 for optimum peroxidase production by Streptomyces sp. BSII#. These suggest that optimal pH for peroxidase production may be genus specific. Our findings further confirm the significance of the medium pH on the electric charge on the bacterial cell, which is very important for nutrient absorption and bacterial growth.
Incubation temperature for optimal extracellular peroxidase activity
The results on the determination of incubation temperature for optimal peroxidase activity by R. ornithinolytica OKOH-1 are presented in Fig. 1b . The results showed a significant difference (P < 0.05) in peroxidase activity across the temperatures: 20 -45
• C, with optimal peroxidase activity observed at an incubation temperature of 35
• C (5.25 ± 0.00 U mL −1 ). Nevertheless, Tukey's multiple comparison test revealed no significant difference (P > 0.05) in the peroxidase activity at 20
• C (1.70 ± 0.87 U mL −1 ), 25
• C (1.87 ± 0.70 U mL −1 ), 40
• C (1.11 ± 0.17 U mL −1 ), and 45
• C (1.81 ± 0.29 U mL −1 ). This finding agrees with previous findings by Tuncer et al. [16] , who reported that optimal endoxylanase, endoglucanase, and peroxidase were expressed by Streptomyces sp. F2621 at 35
• C. However, Nour El-Dein et al. [28] reported 40 • C
FIG. 1
Parameters for optimal extracellular peroxidase activity by R. ornithinolytica OKOH-1 (a). Determination of optimal initial pH (b). Determination of optimal incubation temperature (c). Determination of optimal agitation speed. (Each column represent mean ± standard deviation; n = 3). Error bars with the same alphabet are not significantly different (P > 0.05).
as the temperature for optimum peroxidase production by Streptomyces sp. K37, whereas Rao and Kavya [29] reported 37 • C as the optimal temperature for peroxidase expression by Bacillus subtilis. Although, there were discrepancies in the reported optimal temperatures for the production of peroxidase, which may, perhaps, be due to the environment from which the organisms were isolated, all the temperatures reported fall within the mesophilic range. The significant decrease in extracellular peroxidase activity at temperatures below and above 35
• C (Fig. 1b) may be attributed to the reduction in metabolic activities, which may lead to inhibition of the bacterial growth and enzyme synthesis [30] .
Agitation speed for optimal extracellular
peroxidase activity Figure 1c shows the results on the determination of agitation speed for optimal peroxidase activity. The results revealed that there was a significant difference (P < 0.05) in the extracellular peroxidase activity by R. ornithinolytica strain OKOH-1 at static condition and across all agitation speeds (50-200 rpm), with the optimal peroxidase activity observed at 150 rpm (9.45 ± 2.57 U mL −1 ). However, Tukey's multiple comparison tests revealed no significant difference (P > 0.05) in the peroxidase activity at 50 rpm (2.33 ± 0.00 U mL −1 ), 100 rpm (2.33 ± 0.35 U mL −1 ), and 200 rpm (2.10 ± 0.00 U mL −1 ). This finding further showed that extracellular peroxidase activity by R. ornithinolytica OKOH-1 was affected by agitation, which is consistent with the finding of Fatokun et al. [25] on xylanase production by Streptomyces albidoflavus strain SAMRC-UFH 5, but contrary to that of Sepahy et al. [31] , who reported maximum xylanase production by Bacillus mojavensis AG137 at 200 rpm. Also, Patil [32] reported optimal lignin peroxidase production by Bacillus megaterium at 180 rpm. In this study, the agitation rate of 150 rpm was most favorable for peroxidase production, a finding, which is in agreement with the observation of Giavasis et al. [33] , that agitation tends to affect the level of aeration and proper mixing of nutrients in the production medium, thereby making a nutrient more accessible to the organism, consequently, affecting bacterial growth and enzyme production. This further confirms the significance of agitation in biomolecule production by bacteria.
Effect of carbon supplementation on extracellular peroxidase activity
The induction of peroxidase in organisms by lignin model compounds has been reported from a number of studies [34] [35] [36] . However, there is dearth of information on the inductive effect of lignin model compounds on peroxidase production by bacteria. The effects of supplementing kraft lignin (KL) modified fermentation medium with 1 mmol L −1 of various lignin model compounds (guaiacol: GA, veratryl alcohol: VALC, vanillin: VAN, vanillic acid: VA, and ferulic acid: FA) are shown in Fig. 2 results revealed a significant difference (P < 0.05) in extracellular peroxidase activity by R. ornithinolytica OKOH-1 grown in kraft lignin modified production medium supplemented with lignin model compounds (KL + GA, KL + VALC, KL + VAN, KL + VA, and KL + FA) when compared with nonsupplemented production medium (KL), which served as the control. All the lignin model compounds induced extracellular peroxidase activity in R. ornithinolytica OKOH-1, with the highest inducing effect produced by guaiacol. In our findings, all the lignin model compounds studied were capable of inducing peroxidase activity in R. ornithinolytica OKOH-1. Nevertheless, guaiacol enhanced extracellular peroxidase activity by approximately 74% (Fig. 2) , making it the best inducer of peroxidase in the test bacteria, which is contrary to previous study by Musengi et al. [19] , where veratryl alcohol was the best inducer of peroxidase in Streptomyces sp. strain BSII#1. However, no comparative data were found on peroxidase production by Raoultella species as this is the first report on optimal conditions for extracellular peroxidase activity by Raoultella ornithinolytica.
Effect of nitrogen supplementations on extracellular peroxidase activity
The effects of supplementing yeast extract with different inorganic nitrogen sources are presented in Fig. 3 . The results showed that there was no significant difference (P > 0.05) in the extracellular peroxidase activity by R. ornithinolytica OKOH-1 when grown in the production medium supplemented with inorganic nitrogen sources (ammonium nitrate, ammonium chloride, and ammonium sulfate). However, the supplementation of the organic nitrogen source in the production medium, yeast extract (YE), with ammonium chloride (YE + ammonium chloride) gave the best peroxidase activity (10.09 ± 1.34 U mL −1 ). The effect of nitrogen sources on ligninolytic enzyme production by various organisms seems to lack con- sistency [37] . Although fermentation media with sufficient nitrogen have enhanced production of ligninolytic enzymes in some fungi [38] , production of lignin-modifying enzymes by Phanerochaete chrysosporium, one of the most studied fungi, has been limited by high nitrogen concentration [39] . The reason for the discrepancies observed in the effect of nitrogen on production of ligninolytic enzymes is still unclear.
Time course of peroxidase activity and bacterial growth kinetics
The Raoultella species was assessed for peroxidase and nonperoxide-dependent extracellular enzyme production over an incubation period of 144 H, and the results are presented in Fig. 4 . The results indicated that R. ornithinolytica OKOH-1 attained optimum peroxidase activity (15.16 ± 0.82 U mL −1 ) and nonperoxide dependent extracellular enzyme activity (12.54 ± 0.41 U mL −1 ) at 72 H (Fig. 4a ) with specific activity of 16.48 ± 0.89 U mg −1 protein and 13.63 ± 0.45 U mg −1 protein, respectively (Fig. 4b) , corresponding to the early stationary growth phase. However, there was a sharp decrease in peroxidase and nonperoxide-dependent extracellular enzyme activities at 96 H (Fig. 4b) . The decrease in enzyme activity observed at 96 H may, perhaps, be ascribed to depletion of nutrients or proteolytic activities [25, 40] . This finding suggests that the production of peroxidase and nonperoxide-dependent enzyme by R. ornithinolytica strain OKOH-1 was growth associated, thereby confirming the claim that continuous secretion of enzymes into the fermentation medium is linked with bacterial growth [37, 41] . This finding is in agreement with previous studies, where optimum peroxidase activity occurred during the early stationary growth phase. However, extracellular specific peroxidase activity expressed by R. ornithinolytica OKOH-1 in this study (16. 
Valorization of agrowastes for optimal extracellular peroxidase activity
The results of valorization of agrowastes for optimal peroxidase activity by R. ornithinolytica OKOH-1 are presented in Table 1 . The results showed that there was a significant difference (P < 0.05) in specific peroxidase activity when the test bacteria were grown on the different substrates, with sawdust having the optimum yield (15.21 ± 2.48 U mg −1 ) whereas the lowest yield was observed on corn stover (1.30 ± 0.00 U mg −1 ). However, there was no significant difference (P > 0.05) in nonperoxidedependent enzyme activity expressed by R. ornithinolytica OKOH-1 on the various substrates. Nevertheless, sawdust also gave the highest yield (6.73 ± 1.76 U mg −1 ) whereas corn stover had the lowest yield (3.78 ± 0.14 U mg −1 ). The specific peroxidase activity observed with sawdust is comparable to what was obtained with kraft lignin (Table 1) .
The high peroxidase activity observed on sawdust could, therefore, be attributed to the inductive effect of its phenolic and nonphenolic components, whereas the expression of nonperoxide-dependent extracellular enzyme, which suggests probable laccase activity, may be related to its phenolic compounds. This finding agrees with that of Knezevic et al. [43] , who reported the production of manganese peroxidase and laccase when Trametes suaveolens was grown on sawdust. This is further corroborated by Kamsani et al. [44] , who also reported high yields of manganese peroxidase and laccase by Bacillus species grown on sawdust under SSF. Nonetheless, the peroxidase activity on sawdust in this study is higher than what Values represent mean ± standard deviation, number of replicate, n = 3. Values with the same superscript letter along the same column are not significantly different (P > 0.05).
Biotechnology and Applied Biochemistry
Biotechnology and Applied Biochemistry was achieved in the aforementioned studies as Knezevic et al. [43] reported a manganese peroxidase activity of 1767.7 U L −1
for Trametes suaveolens whereas Kamsani et al. [44] recorded 729.12 and 47.73 U g −1 as lignin peroxidase and manganese peroxidase-specific activities for Aspergillus sp. A1 and Bacillus sp. B1, respectively. More so, various agricultural wastes including rice straw, wheat straw, sawdust, pea pods, etc. have been valorized for production of different lignocellulolytic enzymes in previous studies [27, 43, 45, 46] . The utilization of agrowastes by R. ornithinolytica OKOH-1 for peroxidase production under SSF is economically viable because agricultural residues are cheaper alternatives to synthetic carbon sources such as kraft lignin; they are abundant and readily available in the environment [1] . Most importantly, they are renewable [1] . Furthermore, enzyme production by bacteria under SSF is economical [47] as this method seems to support optimum valorization of lignocellulosic wastes. Besides, SSF also presents some advantages such as higher production yield, lower wastewater output, and reduced energy demand over submerged fermentation [48, 49] .
Conclusion
In conclusion, R. ornithinolytica OKOH-1 expressed a higher level of peroxidase than most bacteria previously reported. Specific peroxidase activities by R. ornithinolytica OKOH-1 on kraft lignin and sawdust are comparable. However, this study indicated sawdust as a more promising substrate for peroxidase production by R. ornithinolytica OKOH-1 under SSF due to its abundance, availability, and renewable nature. Furthermore, the ability of R. ornithinolytica OKOH-1 to utilize different agricultural wastes (sawdust, wheat straw, and corn) augurs well for large-scale peroxidase production as this will reduce cost and could, as well, serve as a waste management strategy.
